Low-input RNA-seq is powerful to represent the gene expression profiles with limited number of cells, especially when single-cell variations are not the aim. However, pre-amplification-based and molecule index-based library construction methods boost bias or require higher throughput. Here we demonstrate a simple, low-cost, low-bias and low-input RNA-seq with ion torrent semiconductor sequencing (LIEA RNA-seq). We also developed highly accurate and error-tolerant spliced mapping algorithm FANSe2splice to accurately map the single-ended reads to the reference genome with better experimental verifiability than the previous spliced mappers. Combining the experimental and computational advancements, our solution is comparable with the bulk mRNA-seq in quantification, reliably detects splice junctions and minimizes the bias with much less mappable reads.
. However, it cannot be applied to polyA-non-coding RNA analysis, and the 3′-end bias cannot be eliminated. Therefore, a simple and low-bias method for such low-input RNA-seq is highly appreciated in the community.
In another aspect, the experimental validity of the RNA-seq results is still to be improved: the tiny amount of input RNA is consumed in the sequencing experiment, leaving little chance for experimental validation. This necessitates extremely accurate and robust algorithms to minimize the false positives and false negatives. It has been shown that different aligners performed dramatically different in experimental verifiability [7] [8] [9] , especially in detecting splice variants: the junction detection sensitivity of the mainstream splice mappers can be as low as 65.36% 9 . To systematically solve these two problems, we developed a low-cost, low-bias low-input RNA-seq process with high experimental verifiability combining experimental and computational approaches. the cDNA library was performed for limited 18 cycles. Then we took the advantage of the Ion Torrent sequencing technology to amplify each library molecule on separate beads independently in One Touch device. After enough PCR cycles, each library molecule was equally amplified to saturation level (Fig. 1A) . Therefore, no bias was introduced in this step, i.e. the total bias would be no greater than high-input protocols. Compared to the indexbased molecule counting method, our low-input method should achieve the same linearity with much lower throughput because an easy-to-amplify fragment will result in multiple reads in the molecule counting method.
We directly utilized the Ion OneTouch2 system to perform this bead-based emulsion PCR process as one step in the Ion Torrent sequencing. The positive beads (with the amplified fragments) can be enriched and directly loaded into the sequencing chip. This means that our approach does not create any additional step compared to the conventional bulk mRNA-seq when using semiconductor sequencing.
LIEA RNA-seq quantitatively reproduced bulk mRNA-seq results. We applied this LIEA strategy on human mRNA samples from ~10 pg polyA + mRNA (equivalent to mRNA in 50~100 cells, diluted from bulk mRNA) of HBE and A549 cell lines, respectively. The sequencing data was compared with the bulk mRNA-seq data 10 and Smart-seq2 method 11 with the same starting materials. The LIEA method generated an average read length with ~87 nt (Fig. 1B) , remarkably shorter than the nominated 200 nt read length of the sequencer, due to the extremely low starting material so that the mRNA was over-fragmented. Ion torrent Proton P1 chip yielded 18.3 M and 16.5 M reads for HBE and A549 cells, respectively. However, half of the ion torrent reads contain low quality nucleotides (Phred score <10) in the first 42 nucleotides and thus were excluded from further analysis. For the HBE dataset, 8.32 M high quality reads were subjected to read mapping (Fig. 1C) .
The higher error rates of the ion torrent LIEA method challenges the mapping algorithm on the error tolerance and the accuracy. Therefore, we used the experimentally verified and highly accurate FANSe2 algorithm 7 to map the reads to human RefSeq-RNA reference sequences. 55.3% of the ion torrent LIEA reads were mapped to the transcriptome references (Fig. 1C) , much lower than the Illumina datasets (80.0% for Smart-seq2 and 75.5% for bulk mRNA-seq datasets), due to the higher error rates of the ion torrent sequencer (Fig. 1D ). Nevertheless, with only half number of the mapped reads, our LIEA RNA-seq approach quantified almost same number of expressed genes as the normal input RNA-seq (Fig. 1C) , providing a solid basis for further analyses. More than 90% of quantified genes (11,519 genes) by the three methods overlap (Fig. 1E) , indicating the correctness of LIEA RNA-seq method. Indeed, the LIEA RNA-seq approach showed linear correlation to the bulk mRNA-seq throughout the entire dynamic range (R = 0.8305~0.8804 and 0.8237, respectively, Fig. 1F and Supplementary  Fig. S1 ), comparable with the Smart-seq2 method (R = 0.8288). In two biological replicates, the ion torrent LIEA RNA-seq method showed both high correlation to the bulk mRNA-seq, showing its reproducibility (Fig. 1F) . We further isolated RNA directly from 200 cells of HBE cell line. The total RNA was below the quantification limit of Qubit and Nanodrop, and we estimated the total RNA yield as 198 ± 15 pg using qRT-PCR ( Supplementary  Fig. S2 ), among which the mRNA was less than 10 pg. mRNA was blindly extracted from the total RNA and subjected to LIEA method and lead to comparable result to the bulk RNA-seq (R = 0.8562, Fig. 1G ).
LIEA RNA-seq minimizes bias. We next assessed the bias created by the three approaches. Compared with Illumina bulk mRNA-seq, the ion torrent LIEA approach yielded almost identical median rpkM and slightly higher mean rpkM for the quantified genes. In contrast, Smart-seq2 resulted remarkably higher mean rpkM but remarkably lower median rpkM ( Fig. 2A) . These results indicate that the Smart-seq2 created considerable bias towards high-abundance transcripts, while our LIEA approach performed closer to the bulk mRNA-seq. Our LIEA approach showed almost no GC bias, while Smart-seq2 and bulk mRNA-seq significantly biased towards low GC genes (Fig. 2B ). For short mRNAs <4 kb, both our approach and Smart-seq2 could reach 3′-bias-free coverage. For longer mRNAs, Smart-seq2 reads accumulated near the 3′-end of the mRNA, while our approach almost overlapped with the bulk mRNA-seq (Fig. 2C) . The low 3′-bias resulted in a uniform read coverage and thus facilitates detection of splice junctions.
Detecting splice junction using single read by the new algorithm FANSe2splice. To reliably detect splice variants from the single-end sequencing data and cope with higher error rate (Fig. 1D ) and lower throughput of Ion Torrent sequencers (Fig. 1C) , we developed a spliced mapping algorithm FANSe2splice based on our accurate and error-tolerant FANSe2 algorithm. As most other algorithms, FANSe2splice first aligns reads to reference transcriptome and genome sequences in an unspliced way. If the alignment fails, FANSe2splice then aligns the reads as a spliced-read: it allows two hotspots for one read (for details, please see Methods section). We also tested the currently widely-used spliced mappers TopHat2 12 , MapSplice2 13 HISAT2 14 and STAR 15 . In general, these algorithms mapped similar number of reads to the reference sequences (Fig. 3A) . FANSe2splice identified remarkably more junctions than TopHat2 and HISAT2, while slightly less than MapSplice2 and STAR (Fig. 3B) . Notably, the ion torrent low-input method resulted in 88.9% of the detected junctions using much less mappable reads when compared to the Illumina bulk mRNA-seq.
Interestingly, FANSe2splice identified the most known splice junctions among all 5 algorithms (Fig. 3B ), which implicated higher robustness of FANSe2splice. We then look deeper into the result, checking the number of supporting reads (i.e. the reads spanning the junction) for each identified splice junction. In both datasets for HBE cells, more than 95% of the junctions with at least 5 supporting reads were previously annotated (Fig. 3C ). For Illumina bulk mRNA-seq dataset, FANSe2splice were comparable to TopHat2 with higher number of single-read junctions. For the ion torrent low-input dataset, FANSe2splice detected considerably more junctions with at least 5 supporting reads than the other algorithms, indicating higher robustness in junction detection. MapSplice and STAR detected more than 50% and 30% of novel junctions that are outside of annotated gene regions with only one supporting reads, respectively (Fig. 3C) , indicating that these identifications may be Table S1 ).
FANSe2splice detected junctions are experimentally verifiable. It is often difficult to validate the sequencing results for low-input RNA-seq, since all materials are used in the sequencing. Therefore, the robustness and accuracy of the splice junction detection is essential. In this study, we had the chance to validate the splice junctions with bulk mRNA of the two cell lines using RT-PCR. We compared the splice junctions identified by FANSe2splice versus the other three splice mappers, respectively. In all four comparisons, most of the junctions were detected by both algorithms, suggesting correct identifications. The junctions solely detected by one algorithm were subjected to experimental validation. To avoid subjective bias, junctions solely detected by one algorithm were sorted in descending order according to their supportive read counts. We tested the top 5~10 known and novel junctions, which are not identical to any known junctions in known genes. All junctions with less than 5 supportive reads were discarded.
RT-PCR experiments validated 80%~100% known junctions and 60%~100% of novel junctions solely detected by FANSe2splice, while validated only a small fraction of the junctions solely detected by the other three algorithms, for both cell lines (Fig. 4) . Complete experimental evidences for all RT-PCR validations are listed in Supplementary Figs S3~S6. As examples, the RT-PCR results resolved in agarose gel electrophoresis for the junctions solely detected by FANSe2splice versus MapSplice2 are shown in Fig. 5A (known junctions) and Fig. 5B (novel junctions) . We further performed Sanger sequencing for all 8 novel junctions solely identified by FANSe2splice in Fig. 5B . All junctions including the junction borders were successfully validated (Fig. 5C) , which further consolidated the experimental verifiability of our FANSe2splice algorithm. To be noted, the single-nucleotide polymorphisms (SNPs) in the tested samples (junc40 and junc46) did not confuse the FANSe2splice, even in the case where the SNP is very close to the junction site (junc46), showing its error-tolerance that facilitates the error-prone or SNP-rich sequencing reads. In sum, these results showed that FANSe2splice provides very low false positive rates in detecting splice junctions.
Ion torrent LIEA RNA-seq facilitates the low-abundance splice junction detection. The high accuracy and experimental verifiability of FANSe2splice unleashes the power of low bias and relatively longer read length of ion torrent LIEA RNA-seq. With only half of the mappable reads, the ion torrent LIEA approach identified most of the junctions detected by Illumina bulk mRNA-seq. In addition, ion torrent LIEA method solely identified 11,925 junctions which the Illumina bulk mRNA-seq failed to detect. Over 90% of these splice junctions are lowly expressed junctions (1~4 supporting reads, Fig. 6A ). RT-PCR validated all 5 randomly Table S2 ). This indicated that ion torrent LIEA RNA-seq leads to lower bias due to the random fragmentation and lack of pre-amplification, and thus provides advantage on detecting lowly expressed splice variants.
Discussion
It is intriguing that with much lower input material and much lower mappable reads, our ion torrent LIEA strategy showed comparable results to the normal input Illumina dataset on both quantitation and splice junction identification. One major reason is the bias-free emulsion PCR (Fig. 1A) that decreases the read counts of the highly-expressed genes, which are usually more efficiently amplified in library construction. FANSe2splice runs at a reasonable speed even on a normal desktop workstation, in sharp contrast to STAR, which requires huge amount of RAM (Supplementary Fig. S7 ). To be noted, our accurate and experimental verifiable algorithm compensated the higher error rate and lower throughput. It runs more efficiently than all four other algorithms when processing the error-prone ion torrent reads (Supplementary Fig. S7B ). Ion torrent LIEA method does not require additional reagents or customized oligonucleotides and the process can be directly integrated into the standard Ion Torrent sequencing protocols, making such a low-input approach easy to handle and cost-efficient. Moreover, unlike the Smart-seq2 strategy that relies on the poly-dT reverse transcription, our method uses the random fragmentation of the RNA (Fig. 1A) , which can be also expanded for low-input polyA-lncRNA sequencing applications. In sum, our strategy provides new possibility to the biological investigations with limited starting materials.
Materials and Methods
RNA extraction. Total RNA of HBE and A549 cells were extracted using Trizol reagent as described before 10 . PolyA + mRNA was extracted from total RNA using RNA purification beads (Illumina) 10 . HBE cells were counted using Millipore Scepter cell counter and diluted to obtain 200 random cells out of the population. To extract RNA from 200 cells, 300 μl Trizol was used with great cautious pipetting to minimize the volume for higher concentration.
mRNA-seq. For ion torrent low-input method, the library construction was performed using Ion Total RNA-seq Kit v2 (Life Technologies) with minor modifications to the manufacturer's standard protocol. In brief, mRNA was fragmented using RNase III for 2 min. The fragmented mRNA was blindly processed further without quantification to minimize loss. The cDNA library was amplified for 18 cycles. The entire amplified library was directly and blindly applied to the template preparation using PI Template OT2 200 Kit (Life Technologies) on an Ion OneTouch2 system. The positive template beads were enriched on the Ion OneTouch ES instrument. Each sample was sequenced on Ion Proton semiconductor sequencer using an PI chip. Raw reads were deposited to Gene Expression Omnibus (accession: GSE87660). Reads longer than 42 nt (the length of three seeds in FANSe2splice) with Phred score higher than 10 were kept for analyses.
For Smart-seq2 method, 10pmol anchored oligo-dT primer (5′-AAGCAGTGGTATCAACGCAG AGTACT30VN-3′) and 1 μl dNTP mix were added into the starting mRNA. The mixture was denatured at 72 °C for 3 min and put on ice. First-strand cDNA was synthesized using Superscript II Reverse-Transcription Kit (Invitrogen) including 10 pmol TSO (5′-AAGCAGTGGTATCAACGCAGAGTACrGrG + G-3′). Reverse transcription was performed as 42 °C 90 min, (50 °C 2 min, 42 °C 2 min) for 10 cycles, and 70 °C 15 min. After reverse transcription, 13 μl KAPA HiFi Hotstart Ready Mix (KAPA Biosystems) and 10 pmol ISPCR primer (5′-AAGCAGTGGTATCAACGCAGAGT-3′) were added into the mixture and PCR amplified for 18 cycles. The amplified product was subjected to DNA library construction using NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs). Sequencing was performed on an Illumina HiSeq 4000 sequencer. Reads that passed the Illumina filter were subjected to subsequent analyses. Raw reads were deposited to Gene Expression Omnibus (accession: GSE87660). Since the ion torrent sequencer can only produce single-end reads, the Illumina sequencer was set to single-end mode as well for consistency.
Illumina Bulk mRNA-seq datasets for HBE and A549 cells were done before 10 (GEO database accession GSE42006).
Human reference genome hg19 (downloaded from UCSC Genome Browser) was used for spliced mapping. NCBI RefSeq-RNA reference sequences (accessed on June 2 nd , 2014) was used for known RNA annotation. For gene expression quantification, splice variants were merged, and the genes with at least 10 mapped reads were considered as quantified genes 16 .
Design of FANSe2splice.
FANSe2splice is a spliced mapping algorithm based on our accurate and error-tolerant FANSe2 to search for splice junctions. It contains the following steps (Fig. 7) :
Step 1. Map reads to the known mRNA reference sequence in an unspliced way using FANSe2 if the genome annotation file is provided. Transcriptome reference sequences are constructed according to the provided gtf/ gff file. As the mature mRNA transcripts have already included splice junctions, simple alignment is sufficient to identify the known splice junctions.
Step 2. The unmapped reads are then aligned to the genome reference sequence in an unspliced way by FANSe2. If the genome annotation file is not provided, the task will start at this step to map all reads to the genome reference sequence. Step 3. The remaining reads from step 2 are considered to contain novel splice junctions. FANSe2Splice splits read into non-overlapping seeds (except the last one in case the read length cannot be divided evenly by seed length) to make full use of the entire read. This design is similar to that in FANSe2 7 (Fig. 7A ).
Step 4. Find the exact matches of the seed in the reference genome and merge the adjacent matches into hotspots. One read is assumed to generate severe paired hotspots. All possible combinations of hotspot pairs within a given range (set by user) are identified. FANSe2Splice then calculates the scores of the hotspot pairs according to the sum of the hotspot scores (Fig. 7B) .
Step 5. The hotspot pairs with higher scores are examined in priority. The unmapped seed, in which the splice junction is assumed to be existed, is aligned carefully from two directions to determine the best position of the splice site (Fig. 7C) . This search is also guided by the detection of known junction signals (GT-AG, GC-AG, and AT-AC). Only uniquely mapped reads here were used to identify splice junctions.
FANSe2Splice can be freely downloaded at http://bioinformatics.jnu.edu.cn/software/fanse2splice.
Parameter settings for mapping algorithms
For mRNA quantification (using the algorithm FANSe2): Illumina datasets: -E2 -S14 -I1 -M1 -B1 -U0 -Y1 -A0 Ion torrent Proton datasets: -E3 -S14 -I1 -M1 -B1 -U0 -Y1 -A0 For splice junction detection (using GTF annotation file):
FANSe2splice: -E 5 -N 50 -X 500000 TopHat2: -i 50 -I 500000 MapSplice: -i 50 -I 500000 HISAT: -min-intronlen 50 -max-intronlen 500000 STAR: -outFilterType BySJout -outFilterIntronMotifs RemoveNoncanonical -outFilterMultimapNmax 1 -alignIntronMin 50 -alignIntronMax 500000 Software version:
TopHat2: v2.0. RT-PCR validation of mapping results for RNA-seq. The splice results were compared from FANSe2splice to TopHat2, MapSplice2, HISAT2 and STAR, then the lists of splice junctions that one program can find while the other one cannot will be generated. There are eight lists, two lists are junction splices that were solely identified by FANSe2Splice or TopHat2, two lists are junction splices that were solely identified by FANSe2Splice or MapSplice2, two lists are junction splices that were solely identified by FANSe2Splice or HISAT2 and two lists are junction splices that were solely identified by FANSe2Splice or STAR. And those splice results were split into known junctions and novel junctions according to whether the splice junctions had been annotated or not. In HBE sample, top five known junctions and top ten/top five novel junctions were selected, while in A549 sample, top five known junctions and top five novel junctions were selected. The selected junctions would be next experimental validation.
Total RNA was isolated by TRIzol Reagent (Invitrogen) respectively from HBE and A549, and then was treated by RNase-free DNase I (Fermentas). After extracted by TRIzol Reagent (Invitrogen), total RNA was reverse-transcribed to generate cDNA by RevertAid Premium Reverse Transcriptase (Fermentas).
